Abstract. Ventilated cavities detaching from a backward facing step (BFS) are investigated for a range of upstream boundary layer thicknesses in a cavitation tunnel. The upstream turbulent boundary layer thickness is varied by artificial thickening of the test section natural boundary layer using an array of transversely injected jets. Momentum thickness Reynolds numbers from 6.6 to 44 × 10 3 were tested giving boundary layer thickness to step height ratios from 1.25 to 3.8. A range of cavity lengths were obtained by variation of the ventilation flow rate for several freestream Reynolds numbers. Cavity length to step height ratios from 20 to 80 were achieved. Cavity length was found to be linearly dependent on ventilation rate and to decrease with increasing boundary layer thickness and/or Reynolds number. This result may have implications in the practical optimization of these flows which occur in applications such as drag reduction on marine hull forms.
Introduction
A significant portion of the propulsive power requirements for a marine vessel, up to around 60%, is required to overcome the frictional drag due to the wetted surface area. For displacement hull forms there has been recent interest in the modification of the near-hull flow field, e.g. by the addition of air bubbles/air layer [1, 2] or polymer solutions [3, 4] , to reduce viscous hull resistance. A subset within the broader air bubble/air layer drag reduction field is the formation of air filled cavities from backward-facing steps (BFS) in the hull. Developmental trials and basic studies have used air cavities covering 30 to 50% of the wetted hull surface [5, 6] . An aspect of these BFS cavity flows which has not been considered in previous studies is the effect of the upstream turbulent boundary layer on the cavity physics. If significant, it may influence the efficiency of the drag reduction system and inform the optimal longitudinal location of the BFS, which determines the boundary layer thickness of the flow at the point of cavity detachment. The present work reports on aspects of an experimental investigation on the effect that an upstream boundary layer has on the geometry of a ventilated cavity forming from a BFS. A sketch of the basic flow investigated is shown in Figure 1 .
Experimental Overview
Experiments were carried out in the Cavitation Research Laboratory (CRL) water tunnel at the University of Tasmania. The tunnel test section is 0.6 m square by 2.6 m long and has operating velocity and pressure ranges of 2 to 12 m/s and 4 to 400 kPa absolute respectively. The CRL water tunnel was developed with a capability to artificially thicken (or thin) the test section ceiling boundary layer to range from nominally 0.01 to 0.1 m thick within the test section length. These thickened boundary layer profiles being close approximations to flat plate, zero pressure gradient, high Reynolds number turbulent boundary layers [7] . The tunnel also has ancillary systems for rapid degassing and for continuous injection and removal of nuclei and large volumes of incondensable gas. A detailed description of the facility is given in [8, 9] and detailed specifications for the associated instrumentation can be found in [10] . A 2-D plate (750 mm × 10 mm) with a 'quarter' ellipse (5:1) leading edge was attached to the test section ceiling. Compressed air is supplied through the tunnel wall into an internal manifold within the rear section of the plate from which air is admitted into the separation zone downstream of the BFS via an array of nozzles. The boundary layer profiles were measured on the test section vertical center plane, 50 mm upstream from the end of the plate, using a total head tube [11] . Images of the cavity were taken from below using a Canon EOS 50D SLR camera with a Canon EF24-70 mm zoom lens.
All tests, including boundary layer measurements, were conducted at constant Reynolds numbers (Re), based on test section height , of 3, 4 & 5 × 10 6 (corresponding to step height based Reynolds numbers of 50, 66.7 & 83.3 × 10 3 ). For the ventilated cavity measurements, the freestream cavitation number (i.e. that based on the liquid vapor pressure), σ v , was kept at a constant value of 1.2.
∞ where, p v is the liquid vapour pressure, p ∞ the freestream reference static pressure, U ∞ is the freestream reference velocity and ρ is the liquid density. A cavitation number based on cavity pressure (with the cavity pressure, p c exchanged for the p v in the preceding equation) is also relevant here as the cavity is a mixture of both vapour and incondensable gas, and is denoted as σ c . The data is presented in terms of an air entrainment coefficient, C Q = (ṁ/ρ a )/(hwU ∞ ), where ρ a is the air density,ṁ is the mass flow rate into the cavity and h and w are the height and width of the step.
Results and Discussion
As the cavity closure is inherently unsteady, a mean cavity length was determined for each flow condition from the average of ten images with the closure oscillating typically over a length of 5 to 10% [11] . Typical images of the ventilated cavity are shown in figure 2 . From the initial detachment from the step, the cavity surface has a wavy appearance attributable to the turbulence in the upstream boundary layer, with the amplitude of the disturbance growing with downstream distance, eventually contributing to the break up of the cavity. The is due to the mixing of the larger scale structures across the remnant, now decaying, boundary layer. From a previous study on base-ventilated hydrofoils [10, 12] , for some conditions the cavity surface was initially undisturbed (glassy appearance) attributable to a laminar boundary layer upstream of the step. Figure 2 (a) and (c) show the increase in cavity length with a reduction in boundary layer thickness for constant Re and similar C Q . This is attributable the decrease in the mean kinetic energy in the overlying inter-facial layer. Similarly (b) and (d) show the decrease in cavity length with increase in Re due to the greater turbulent kinetic energy in this case. With an increase in Re it is observed that greater breakup occurs along the cavity surface indicating that additional air entrainment is occurring along the interface (also observed by Arndt et.al. [13] ), which would contribute to a reduced cavity length. The effect of ventilation rate, boundary layer thickness and Reynolds number on cavity length is shown in figure 3 . Cavity length increases linearly with ventilation rate (see also figure 2 (a) and (b)) and reduces with increase in boundary layer thickness and/or Reynolds number. The latter effect is due to the reduced 'local' freestream velocity at the step outer edge due to the presence of the boundary layer. This consequently reduces the denominator in σ c resulting in an effectively lower cavitation number which implies a shorter cavity length. As discussed above, the reduced cavity length with increase in Re may be attributable to the increase in air loss through the cavity surface. There is a difference in slope between the thinned and/or natural boundary layers (δ = 1.25h & 2h) and the two thickened boundary layers for the lower Reynolds number data which may be attributable to a difference in turbulence profiles as the mean velocity profiles, except for the thickest boundary layer, are virtually identical [7, 11] . Turbulence profile measurements are planned, but have not been made for the present study.
As described in [12] the cavitation number was experimentally measured and found to be very small, σ c ≪ 0.1 which is expected for this flow geometry. The results presented here have not included σ c as there was a large scatter in the measurements due to the technique used discussed in more detail in the earlier publication [12] . 
Conclusions
The ventilated cavity flow over a BFS has been experimentally investigated as to the dependence of the cavity geometry on the Reynolds number, ventilation rate and upstream boundary layer thickness. The cavity length was found to increase linearly with ventilation rate and decreases with both increased boundary layer thickness and/or Reynolds number. This dependence of the cavity geometry on the upstream boundary layer thickness has implications for the longitudinal location of the BFS on a vessel hull employing such a device for viscous drag reduction.
